Signaling molecules such as Cdc42 and mitogen-activated protein kinases (MAPKs) can function in multiple pathways in the same cell. Here, we propose one mechanism by which such factors may be directed to function in a particular pathway such that a specific response is elicited. Using genomic approaches, we identify a new component of the Cdc42-and MAPK-dependent signaling pathway that regulates filamentous growth (FG) in yeast. This factor, called Msb2, is a FG-pathway-specific factor that promotes differential activation of the MAPK for the FG pathway, Kss1. Msb2 is localized to polarized sites on the cell surface and interacts with Cdc42 and with the osmosensor for the high osmolarity glycerol response (HOG) pathway, Sho1. Msb2 is glycosylated and is a member of the mucin family, proteins that in mammalian cells promote disease resistance and contribute to metastasis in cancer cells. Remarkably, loss of the mucin domain of Msb2 causes hyperactivity of the FG pathway, demonstrating an inhibitory role for mucin domains in MAPK pathway activation. Taken together, our data suggest that Msb2 is a signaling mucin that interacts with general components, such as Cdc42 and Sho1, to promote their function in the FG pathway.
How specificity is achieved by signaling pathways that contain common factors is a question that grows in complexity with the discovery of each new common factor. For example, in the budding yeast Saccharomyces cerevisiae, the filamentous growth MAPK (mitogen-activated protein kinase) pathway (FG pathway) is composed chiefly of general components (Fig. 1A; Kron 1997; Madhani and Fink 1998; Madhani 2000; Pan et al. 2000) , including the ubiquitous polarity establishment Rholike GTPase Cdc42, its PAK Ste20, the MAPK components Ste11/Ste50 and Ste7, and transcription factor Ste12 (Liu et al. 1993; Roberts and Fink 1994; Peter et al. 1996; Leberer et al. 1997; Jansen et al. 2001; Lamson et al. 2002) . These core components are also required in the mating pathway (Elion 2000; Dohlman and Thorner 2001) , and at least four of them-Cdc42, Ste20, Ste50, and Ste11-are components of the high osmolarity glycerol response (HOG) pathway (O'Rourke and Herskowitz 1998; Posas et al. 1998; Raitt et al. 2000; Reiser et al. 2000) . Cdc42, which is associated with the plasma membrane by isoprenylation at its C terminus, functions not only in these signal transduction pathways but also as a general trigger for polarized growth (Wedlich-Soldner et al. 2003 ) and the cell cycle. Thus, regulating the activity of factors that function in multiple pathways, such as Cdc42, is crucial for signal propagation and polarity reorganization that leads to correct cell morphogenesis and cell fate.
Among the proteins that influence specificity in signaling pathways are scaffolding proteins. Ste5 is a scaffold for the mating pathway (Whitmarsh and Davis 1998; Elion 2001) and Pbs2 for the HOG pathway (Posas and Saito 1997) . Such scaffolds tether general MAPK cascade components to specific MAPKs to promote differential pathway activation (Harris et al. 2001; van Drogen and Peter 2001) . Indeed, each MAPK pathway in yeast has its own MAPK: Kss1 for the FG pathway, Fus3 for the mating pathway, and Hog1 for the HOG pathway (Cook et al. 1997; Bardwell et al. 1998a; Breitkreutz et al. 2001; Sabbagh et al. 2001 ; for reviews, see Madhani and Fink 1998; Sprague 1998; Breitkreutz and Tyers 2002) . Factors that insulate signaling pathways have also been identified at the transcription factor level. Ste12, for example, has a distinct binding partner, Tec1, that specifies it to function in the FG pathway Bardwell et al. 1998a) . Ste12 is also influenced by negative regulatory proteins, Dig1/Rst1 and Dig2/Rst2 (Cook et al. 1996; Tedford et al. 1997; Bardwell et al. 1998b) and by a specific cyclin-dependent kinase, Srb10 (Nelson et al. 2003) .
Remarkably little is known about factors that contribute to specificity and activation at the head of the FG pathway. A receptor for the FG pathway has yet to be identified. The presumptive osmosensor for the HOG pathway, Sho1 (Maeda et al. 1995; Raitt et al. 2000; Reiser et al. 2000) , is required for diploid pseudohyphal growth and for activation of an Ste12-dependent pathway in response to a glycosylation defect ( Fig. 1A ; Lee and Elion 1999; O'Rourke and Herskowitz 1998; . Thus, Sho1 may be a general component of both the HOG and FG pathways. And although Cdc42 and Ste20 function in the FG pathway, how they are directed to function specifically in that pathway has yet to be determined. It is known that 14-3-3 proteins interact with Ste20 and may influence Ste20 function in the FG pathway (Roberts et al. 1997) .
We undertook complementary genomics approaches to better characterize the FG pathway and discovered a cell-surface protein, Msb2, that functions at the pathway's head. Msb2 interacts with both Sho1 and Cdc42 and appears to be a FG-pathway-specific factor. Thus, Msb2 may specify Sho1 and Cdc42 to function in the FG pathway. Moreover, Msb2 is a member of the signaling mucin class of proteins, and we discovered that deletions within the mucin domain of Msb2 induced hyperactivity. Therefore, our results point to new functions for signaling mucins in controlling cell polarity and signaling in Cdc42-and MAPK-dependent pathways. Finally, because signaling mucins play an important role in metastasis in human cancer cells, our results suggest a simple mechanism whereby mutation of signaling mucins can cause MAPK pathway hyperactivation and possibly cancer in human cells.
Results

Independent genomic approaches identify MSB2 as an FG pathway target
DNA microarray analysis was used to identify targets of the FG pathway. Two microarray comparisons were performed: one to uncover targets of a glycosylation defect (pmi40-101 ± Man; mannose), and a second to identify those targets that were Ste12-dependent (pmi40-101 ± Ste12). This exploited the fact that glycosylation defects activate the FG pathway and that in a particular glycosylation mutant (pmi40-101) such defects are suppressed in mannose-supplemented medium . A small number of potential targets of the FG pathway were identified after a rigorous statistical analysis ( Fig. 1B; Supplementary Table S5 ). Most of the induced genes were known FG pathway targets, including KSS1, YLR042c, SVS1, and Ty1 elements (Madhani et al. 1999; Morillon et al. 2000; Roberts et al. 2000) . However, three potentially new FG pathway targets were identified: MSB2, URA1, and YLR343w (Fig. 1B) . Cells of the indicated genotype and background containing pMSB2-lacZ were assayed for ␤-galactosidase activity. Wild-type (wt) or ste12 mutant ⌺1278b cells were assayed over time for MSB2 expression; the 16-h time point is shown. Glycosylation mutant pmi40-101 containing or lacking the ste12 mutation (wild type [wt] , pmi40-101, and ste12, pmi40-101 ste12) was incubated for 8 h ±Man as indicated. As shown, MSB2 expression in glycosylation mutants is partially induced by another factor. Numbers are in Miller Units, and error bars show standard deviation. (Lower two panels) Western blots. ⌺1278b cells of the indicated genotypes expressing Msb2-HA were grown to mid-log phase in YPD, and extracts were assayed using antibodies against HA (upper panel) or a control protein (Dpm1, lower panel).
In a related approach, genomic screens of the yeast ordered deletion collection were performed to identify mutants that displayed differential FG from wild type in a plate-washing assay. One of the genes identified by this mutant screen, MSB2, was also identified by the microarray analysis. In particular, msb2 mutants were agarinvasion defective (Fig. 1C) . Several genes identified in the genomic screens that were initially thought promising were disrupted, and the resulting mutants were characterized for phenotypes in FG. The msb2 mutant stood out among these as having the strongest phenotype, equivalent to ablation of known FG pathway functions. Therefore, MSB2 was extensively characterized.
To confirm that MSB2 is an FG pathway target, expression of the MSB2 gene was monitored using an MSB2-lacZ transcriptional fusion. In strains of the filamentous background (⌺1278b), full MSB2 expression was dependent on Ste12 (Fig. 1D ). Glycosylation defects also induced Ste12-dependent MSB2 expression (Fig. 1D) . We examined the abundance of the Msb2 protein by measuring the levels of a functional Msb2-HA fusion under the control of its native promoter. Msb2-HA levels were significantly reduced in ⌺1278b strains lacking FG pathway components Sho1, Ste20, and Ste12 (Fig.   1D ). We examined the upstream sequence of the MSB2 gene and identified two consensus Ste12-binding sites ([A]TGAAACA) at 474-481 and 522-530 bp upstream of the start site, suggesting that Ste12 has the potential to bind directly to the MSB2 promoter to induce its expression.
Msb2 is a component of the FG pathway
That MSB2 is a target of the FG pathway suggests that Msb2 may have a role in FG. We disrupted MSB2 in haploid ⌺1278b cells, which caused a defect in agar invasion by the plate-washing assay ( Fig. 2A) . The defect was equivalent to FG pathway null mutations such as those in presumptive upstream (Sho1) and downstream (Ste12) components ( Fig. 2A) , providing the first suggestion that Msb2 is not only a target but also a component of the FG pathway. Disruption of MSB2 and SHO1 together conferred a phenotype equivalent to either single mutation ( Fig. 2A) . The single-cell invasive-growth assay demonstrated that Msb2 was required for unipolar budding and polarized growth (Supplementary Table S3 ) and had phenotypes that were equivalent to FG pathway mutants (Fig. 2B ). Diploid cells undergo pseudohyphal growth in response to limiting nitrogen (Gimeno et al. 1992) , and homozygous msb2/msb2 mutant diploids were defective for pseudohyphal growth to the same degree as sho1/sho1 mutants ( Fig. 2C ) and other homozygous FG-pathway mutants (data not shown).
We verified the possibility that Msb2 is an FG-pathway component by assaying expression of FG-pathwaydependent reporters. Expression of FRE-lacZ (FRE, filamentous response element; Laloux et al. 1994 ) and presumptive FG-pathway targets YLR042c, KSS1, PGU1, and SVS1 (Madhani et al. 1999; Roberts et al. 2000) were Msb2-, Sho1-, and Ste12-dependent (Fig. 2D) . Agar invasion and expression of the reporters was not reduced in sho1 msb2 mutants to the same level as in ste12 mutants, indicating that a third factor may contribute to full Ste12-dependent expression ( Fig. 2A,D) . DNA microarray analysis confirmed that the expression of known FG pathway targets is Msb2-dependent (data not shown).
As previously described, the FG pathway is activated in glycosylation mutants and is required for their viability . We found that Msb2 was required for FG-pathway activation in such mutants and likewise was required for their viability ( Supplementary Fig. S1 ), indicating that Msb2 is an FG-pathway component by these criteria as well.
Msb2 is localized to polarized sites at the cell surface and is an integral-membrane protein
We characterized Msb2 to define its function in the FG pathway. Msb2 is a predicted cell-surface protein containing a single transmembrane domain near the C terminus of the protein (Bender and Pringle 1992; O'Rourke and Herskowitz 2002) , resulting in a large extracellular domain (1190 amino acids) and a small cytoplasmic domain (98 amino acids). Immunofluorescence was performed to determine the cellular location of Msb2. Msb2-HA was detected in small and medium-sized buds at the distal pole (Fig. 3A) . Msb2-HA was also observed within cells as cables extending to the distal pole, presumably reflecting its delivery to the cell surface via the actin cytoskeleton (Fig. 3B) . Indeed, treatment of cells with the actin-depolymerizing agent Latrunculin A (Lat A) prevented distal-pole localization of Msb2 (Fig. 3C ), whereas treatment of cells with DMSO (dimethyl sulfoxide) alone, in which Lat A is solubilized, did not impair Msb2-HA localization (Fig. 3D ). In cells overproducing Msb2-HA (by the GAL1 promoter), Msb2 was observed at the distal pole, at the cell periphery, and at sites of presumptive bud emergence (Fig. 3E,F) . Msb2 was not detected in FG-pathway mutants such as ste12 (Fig. 3G) , consistent with the fact that MSB2 gene expression and hence abundance is controlled by the FG pathway. The fluorescent staining pattern was not observed in cells lacking the HA epitope (Fig. 3H) .
Subcellular fractionation confirmed the topological prediction that Msb2 is an integral-membrane protein.
Supernatant and pellet fractions were prepared from cell lysates containing Msb2-HA, which was detected in the pellet, P13, fraction (Fig. 3I) , a location consistent with the plasma membrane and associated proteins. Treatments that solubilize peripheral membrane proteins, such as salt, sodium bicarbonate, and urea failed to liberate Msb2 into supernatant fractions, whereas treatments that disrupt membranes solubilized Msb2 (Fig. 3J ), confirming that Msb2 is an integral-membrane protein.
Msb2 and Sho1 function together in the FG pathway
The localization pattern of Msb2 suggests that it functions as a cell-surface component of the FG pathway. Because Sho1 is also a presumptive cell-surface protein that functions in the FG pathway, we tested the possibility that Msb2 and Sho1 interact. Protein interaction was tested by coimmunoprecipitation (coIP) of permeabilized cell extracts containing epitope-tagged and functional Msb2-HA and Sho1-GFP proteins in 1% NP-40.
In exponentially growing cells, we observed an interaction between Msb2 and Sho1. That is, precipitation of Msb2-HA using antibodies against the HA epitope coprecipitated Sho1-GFP (Fig. 4A ). We substantiated this finding by the reverse coIP: precipitation of Sho1-GFP using anti-GFP antibodies coprecipitated Msb2-HA (Fig.  4B) . We also examined the interaction between Msb2 and Sho1 under conditions in which the FG pathway is active, hypothesizing that the interaction may be dynamic. Indeed, precipitation of Msb2 in extracts prepared from cells undergoing filamentous growth coprecipitated Sho1-GFP in greater abundance than from cells in vegetative growth (Fig. 4 , cf. C and A). One contributing factor to the more robust interaction may be that more Msb2 is present under this condition because of induction of MSB2 gene expression during FG.
Placement of Msb2 and Sho1 together at the head of the FG pathway is consistent with genetic evidence obtained using FG-pathway reporters and by examining agar-invasion phenotypes. First, as already shown, the mutant phenotypes of msb2 and sho1 disruptions in FG assays are equivalent (see Fig. 2A-C) . Second, overexpession of Sho1 caused hyperinvasive growth that was Msb2-and Ste20-dependent (Fig. 4D) . Likewise, overexpression of Msb2 also caused hyperinvasive growth (Fig.  4D) ; however, such overexpression restored agar invasion to the sho1 mutant (Fig. 4D) , suggesting that Msb2 can bypass the requirement for Sho1 in FG when overexpressed. Agar invasion caused by overexpression of Msb2 was dependent on Ste20 (Fig. 4D) , as was FG-pathway activity ( Supplementary Fig. S2 ). Third, a hyperactive allele of Msb2 induced FG-pathway-reporter activation and morphological abnormalities that were Sho1-and Ste20-dependent (see below). Therefore, Msb2 and Sho1 function together upstream of the PAK Ste20 in the FG pathway.
Msb2 interacts with Cdc42
We addressed the possibility that Msb2 interacts with known downstream components of the FG pathway. Be-cause Msb2 is an integral-membrane protein containing a presumptive cytoplasmic domain, directed two-hybrid analysis was performed using its cytoplasmic tail (CT, amino acids 1209-1306), called Msb2
CT .
Msb2
CT was tested for interaction with FG-pathway components, and a specific interaction was found between Msb2
CT and Cdc42 (Fig. 5A ). Msb2
CT interacted better with an activated allele of Cdc42, Cdc42 G12V (Fig. 5A ). Msb2 CT did not interact with another GTPase, Rsr1, the PAK Ste20, or with the cytoplasmic tail of Sho1 (Fig. 5A ). Western [100] 100,000XG). Western blotting was performed using antibodies against HA, Dpm1 (an ER integral-membrane protein), and Pgk1 (a soluble cytoplasmic protein) as indicated. (J) P13 fraction analysis. Treatments were lysis buffer alone (Buffer) or with NaCl (0.5 M), urea (5 M), sodium bicarbonate (100 mM Na 2 CO 3 at pH 11), or SDS (5%) and urea (8 M).
Proteins at the head of the FG pathway blot confirmed equivalent levels of protein in all cells (data not shown).
CoIP analysis confirmed the interaction between Msb2 and Cdc42. Precipitation of GFP-Cdc42 in IP buffer with 1% NP-40 using antibodies that recognize the GFP epitope coprecipitated Msb2-HA (Fig. 5B) . In contrast to the Msb2-Sho1 interaction, the Msb2-Cdc42 interaction was not influenced by conditions that activate the FG pathway (data not shown). We also confirmed the interaction between Msb2 and Cdc42 by pulldowns using epitope-tagged proteins expressed and purified from bacterial cells. Specifically, isolation of a purified HIS-Msb2
CT fusion protein using beads that recognize the HIS epitope also pulled down GST-Cdc42 (Fig. 5C ), but at substoichiometric levels. Addition of GTP did not significantly influence the interaction (Fig.  5C ). HIS-Msb2 did not differentially pull down GST or another Rho-like GTPase, GST-Rsr1, under these conditions, and a control HIS-tagged protein (HIS-Urm1) did not pull down Cdc42 (Fig. 5C ). Because the coIP experiment showed a more substantial interaction between Msb2 and Cdc42 than the two-hybrid or in vitro experiments, the in vivo context of these membrane-associated proteins might contribute to their interaction.
Interaction between Msb2 and Cdc42 is also supported by genetic evidence. First, MSB2 is a high-copy suppressor of alleles of CDC24, which encodes the guanine nucleotide exchange factor (GEF) for Cdc42 (Bender and Pringle 1992) . (We did not observe an interaction between Msb2 and Cdc24 by coIP; data not shown.) Second, overexpression of Cdc42 exacerbated the morphological abnormalities present in cells containing a hyperactive allele of Msb2 (data not shown). Third, an allele of STE20 lacking the Cdc42-interaction domain, ste20 ⌬335-370 (Peter et al. 1996; Leberer et al. 1997) , which is specifically defective for FG, blocked the elevated signaling in cells overproducing Msb2 (Supplementary Fig. S2 ) and was required for Msb2-dependent FUS1 expression in glycosylation mutants (Supplementary Table S4 ). Because this allele does not abrogate mating pathway activity, its ability to block Msb2 is an indication of a specific role for Msb2 in influencing Cdc42 function in the FG pathway. By these results, we surmise that Msb2 requires Cdc42 to activate the FG pathway, and presumably it does so directly.
Msb2 lacking its mucin domain is hyperactive and dominant
Msb2 contains six tandem Ser/Thr/Pro-rich repeats (amino acids 698-818) in its presumed extracellular domain (Fig. 6A ) that are characteristic of domains found in glycosylated cell-surface adhesion molecules called mucins (Hollingworth and Swanson 2004) . We asked if the mucin-homology (mucin) domain of Msb2 is required for its function in the FG pathway. We deleted the mucin domain of Msb2 and replaced it with the HA epitope (called Msb2*). Surprisingly, Msb2* caused elevated FRE-lacZ expression (Fig. 6B ) and morphological phenotypes such as hyperelongation and unipolar budding (Fig.  6C) . These phenotypes were dependent on Sho1, Ste20, and Ste12 ( Fig. 6C; Supplementary Fig. S3 ). Wild-type MSB2, introduced on a plasmid, did not suppress Msb2*, indicating the mutation is dominant ( Supplementary  Fig. S3 ). Nutrient-rich conditions did, however, suppress the morphological phenotypes, demonstrating that the mutation was hyperactive (as opposed to constitutive; Supplementary Fig. S3 ). These results suggest that Msb2 is a positive factor in the FG pathway, and the mucin domain of Msb2 inhibits or regulates the active form of the protein.
Additional mutations were created to study the role of the mucin domain in regulating Msb2 function. A variant of Msb2 lacking only one of the six tandem repeats was sufficient to induce hyperactivity ( Fig. 6D ; ⌬1Rpt-HA). Variants lacking progressively more repeats caused a progressive increase in hyperactivity, with the original variant, Msb2* (lacking all 6 repeats), being the most hyperactive (Fig. 6D) . One hyperactive variant was identified that lacked several repeats and the HA epitope ( Fig.  6D; ⌬3Rpts) . This deletion was presumably created by recombination between mucin repeat sequences that exhibit between 84% and 100% identity at the nucleotide sequence level. This result suggests that hyperactive vari- CT interact in vitro. Fusion proteins were expressed and purified from E. coli and incubated together in binding buffer containing BSA (Input) and GTP as indicated. After a 15-min incubation, Co + beads that recognize the HIS epitope on the Msb2 CT and Ctl [Urm1] fusions were added to the reaction for 15 min, and HIS-tagged proteins were isolated by low-speed centrifugation (Pull Down). Western blotting was used to detect the GST epitopes on the Cdc42, GST, and Rsr1 fusions, and the HIS epitopes on the Msb2 CT and Ctl [Urm1] fusions. The inputs for Cdc42 + GTP and GST reactions had equivalent input protein amounts to that shown for the inputs in the top two panels (data not shown).
Proteins at the head of the FG pathway
ants of Msb2 may arise by spontaneous deletion of the mucin domain. Changes in the length of the mucin domain were not the cause of the hyperactivity, because hyperactive variants were identified that were the same size as wild-type Msb2 (e.g., ⌬3Rpts-HA; Fig. 6D ), nor was the HA epitope required for hyperactivity ( Fig. 6D; ⌬3Rpts) . Thus, both the number and particular amino acid sequence of the repeats contribute to their regulatory function.
Additional deletions were made in the MSB2 gene. Msb2⌬(100-500)-HA, which deletes an N-terminal region separate from the mucin domain, also caused detectable hyperactivity. Thus, a distinct negative regulatory domain (NRD; Fig. 6D and inset) , like the mucin domain, has a function in inhibiting Msb2 function. A deletion encompassing both inhibitory domains, Msb2⌬(100-mucin)-HA, was the most hyperactive allele isolated (Fig. 6D) . In contrast, a variant lacking an additional region of Msb2, Msb2⌬(500-1000)-HA, resulted in a nonfunctional Msb2 protein (although it was expressed at wild-type levels; Fig. 6D ). We presume this domain plays a positive regulatory role in Msb2 function (PRD in Fig. 6D, inset) . Mutants of Msb2 lacking its N-terminal signal sequence (SS), presumptive transmembrane domain (TM), or cytoplasmic tail (CT) were defective for FG-pathway activity (data not shown). These data demonstrate that the presumptive extracellular region of Msb2 contains positive (PRD) and negative (NRD and MUCIN) regulatory domains.
Mucins are heavily modified by glycosyl side-chain addition. Msb2 has nine predicted sites for N-linked glycosylation, seven of which reside in its presumed extracellular domain, and immunoblot analysis showed that Msb2-HA migrates higher (>250 kDa) than its predicted molecular mass (140 kDa). Treatment of cells with the N-linked glycosylation inhibitor, tunicamycin, or treatment of cell extracts with an enzyme that cleaves N-linked glycosyl side chains, Endo H, caused an increase in the mobility of Msb2 (Fig. 6E) , confirming that Msb2 is glycosylated.
Two pieces of evidence suggest that glycosylation of Msb2 may inhibit its function. First, a glycosylation defect activates the FG pathway in an Msb2-dependent fashion ( Supplementary Fig. S1 ); Msb2 itself is presumably underglycosylated under this condition. Second, mucin domains themselves are glycosylated (Silverman et al. 2001) , and the Msb2* protein, which lacks its mucin domain, migrates more rapidly than wild type (Fig. 6E) , indicating that Msb2* is underglycosylated. Perhaps lack of glycosylation is one reason that Msb2* is hyperactive. Both wild-type Msb2 following tunicamycin treatment and Msb2* have normal localization (Fig. 6F, upper and lower panels, respectively); thus changes in subcellular locale are not responsible for Msb2 activation.
Specificity of Msb2 for activation of the FG-pathway MAPK
That Msb2 is at the head of the FG pathway suggests that it is required for the phosphorylation and activation of the MAPK Kss1. We examined Kss1∼P levels in strains containing alleles of MSB2. Kss1 was underphosphorylated in msb2 mutants, particularly in those lacking an intact mating pathway (Fig. 7A) . Msb2* caused hyperphosphorylation of Kss1 (threefold; Fig. 7A ,B) and higher abundance of the Kss1 protein (twofold), resulting in a sixfold net increase in Kss1∼P. Msb2-dependent induction of Kss1∼P correlated with induced FRE-lacZ expression (Fig. 7B) . Likewise, overproduction of Msb2 caused hyperphosphorylation of Kss1 (Fig. 7A) . As for Msb2, overproduction of Sho1 induced Kss1∼P (Fig. 7A) .
We also examined the effect of Msb2 and Sho1 on phosphorylation of Fus3, the MAPK for the mating pathway. Fus3∼P was not influenced by Msb2 or Sho1 (Fig.  7A) , although its abundance was Msb2-dependent. The observation that Msb2 and Sho1 are both required for phosphorylation of Kss1, but not Fus3, is brought into sharp focus by examination of the phosphorylation of the kinases upon mating pathway induction. In this situation, both MAPKs were equivalently phosphorylated (Fig. 7A ). This result shows that Msb2 and Sho1 influence phosphorylation of Kss1 to an equivalent degree as does pheromone-stimulated receptor during mating. Consistent with these results, Kss1 was required for the hyperinvasive growth phenotypes of cells overproducing Msb2 (Fig. 4D) , whereas Fus3 caused significant inhibition (Fig. 4D) .
That Msb2 is not required for inducing Fus3∼P suggests that Msb2 may not play a role in mating. Consistent with this hypothesis, we found that Msb2 was not Proteins at the head of the FG pathway required for basal or pheromone-induced FUS1-lacZ expression in wild-type cells (Fig. 7C) ; nor was it required for other pheromone-dependent processes such as cell cycle arrest (Fig. 7C, inset) , shmoo formation or morphology, secretion of ␣-factor, or mating (data not shown). Addition of ␣-factor to wild-type MATa cells containing the MSB2-lacZ fusion did not induce its expression or the abundance of the Msb2 protein (Fig. 7D) . We also found that Msb2-HA was absent from shmoo tips (Fig. 7E) , an unusual result given that many membrane proteins become concentrated at the end of the shmoo.
We also tested Msb2 for a function in the HOG pathway. Msb2 was not required for osmotolerance (data not shown). Moreover, expression of the MSB2 gene and abundance of the Msb2 protein were unaffected by osmotic shock (Fig. 7D) . These observations are consistent with evidence that Msb2 is not required for phosphorylation or localization of the MAPK for the HOG pathway or for induction of HOG pathway targets (O'Rourke and Herskowitz 2002). Indeed, HOG pathway components Pbs2 (MAPKK) and Hog1 (MAPK) negatively regulate the FG pathway, possibly by interaction with Sho1 (O'Rourke and Herskowitz 1998; Davenport et al. 1999) . We found that disruption of PBS2 in ⌺1278b cells stimulated Msb2-and Sho1-dependent FG-pathway activity ( Supplementary Fig. S2 ). Moreover, FUS1 reporter induction in rga1 pbs2 mutants (Stevenson et al. 1995) , Rga1 being one of three GTPase activating proteins for Cdc42 (Gladfelter et al. 2002; Smith et al. 2002) , was Msb2-and Sho1-dependent ( Supplementary Fig. S2 ). Thus, Msb2 functions antagonistically to the HOG pathway to promote Sho1-, Cdc42-, and Kss1-dependent FG-pathway activation.
Discussion
Upstream factors of the FG pathway
Genome-wide investigations aimed at identifying new factors of the FG pathway uncovered Msb2 as a FG-pathway component. Genetic, localization, and biochemical evidence indicate that Msb2 functions at the cell surface as an upstream component of the FG pathway. The osmosensor for the HOG pathway, Sho1, has also been implicated as a component of the FG pathway (O'Rourke and Herskowitz 1998). In this study, we substantiate the requirement for Sho1 as an FG-pathway component that also functions at the head of the pathway. Our results provide the first definitive evidence for cell-surface proteins at the top of the FG pathway. The identification of such proteins is an important step in defining the receptor for the FG pathway and elucidating those stimuli that trigger it.
Based on topological predictions and biochemical evidence, a model emerges for FG-pathway proteins at the plasma membrane (Fig. 8 ). Msb2 interacts with both Cdc42 and Sho1. Because Msb2 is the only FG-pathwayspecific component of the three, perhaps it functions to recruit Sho1 and Cdc42 to the pathway. Evidence from hyperactive alleles of Msb2 (which may mimic the active form of the protein) indicates that the extracellular mucin domain of Msb2 communicates to its cytoplasmic domain to inhibit Msb2's function. Changes to the extracellular domain may directly alter the conformation of the cytoplasmic tail. Alternatively, changes to the extracellular domain may induce Msb2 to interact with Sho1 or Cdc42, thus promoting the function of these proteins in the FG pathway.
We suspect that Msb2 and Sho1 function in a sensory capacity for the FG pathway. The N terminus of Msb2, which is glycosylated and contains the mucin domain, comprises a substantial portion of the extracellular component of such a sensor (Fig. 8) . What might this protein complex sense at the cell surface? Possibly, the extracellular domain of Msb2 interacts with components of the cell wall to detect stress at this site. Filamentation is thought to occur on solid surfaces; perhaps detection of this environment is one function of the Msb2/Sho1 protein complex.
Msb2 and Sho1 have a dramatic effect on Kss1 phosphorylation but not on Fus3 phosphorylation. This is the first direct evidence that a signal emanating from upstream components of the FG pathway flows through Kss1. Moreover, the differential specificity of Msb2/Sho1 for Kss1 confirms a specific role for these cell-surface factors in FG-pathway activation. Selective activation of Kss1 presumably promotes efficient FG, because active Fus3 antagonizes FG (Sabbagh et al. 2001 ). However, because the Msb2/Sho1-dependent signal presumably goes through Ste7, the activating kinase for both Kss1 and Fus3, how discrimination between these kinases is achieved remains an open question.
Msb2-and FG-pathway specificity
The expression profile of the MSB2 gene indicates that it is a specific FG-pathway target. Expression of MSB2 is induced by FG-pathway activation during a glycosylation defect and during FG. Other genome-wide expression profiles have uncovered MSB2 as a target induced by a glycoslyation block (Travers et al. 2000) , as a crosstalk-pathway target (O'Rourke and Herskowitz 2002) , and as an Ste12-dependent target of the FG pathway (Madhani et al. 1999) . Indeed, Ste12 and Tec1 have been shown to bind to the MSB2 promoter in cells exhibiting butanol-induced FG (Zeitlinger et al. 2003) . In contrast, MSB2 expression is influenced neither by changes in osmolarity O'Rourke and Herskowitz 2002; this paper) nor by mating pheromone (Roberts et al. 2000; this paper) . That MSB2 expression is not induced by pheromone is significant: the other genes whose action is specific for the FG pathway, TEC1 and KSS1, exhibit some pheromone-dependent transcriptional induction (Oehlen and Cross 1998; Roberts et al. 2000) . Ste12 may bind to the Msb2 promoter in conjunction with Tec1 to promote FG-pathway-dependent and pheromone-independent expression. Although Msb2 appears to be an FG-pathway-specific factor, it may not be a specificity factor per se, because overexpression of Msb2, Msb2*, or loss of Msb2 does not appear to alter the specificity of FG-pathway components, although we have not explored this possibility fully.
The phenotype of MSB2 alleles is consistent with a specific role for this protein in the FG MAPK pathway. Msb2 is required for FG and viability of glycosylation mutants but not for mating or osmotolerance (O'Rourke and Herskowitz 2002; this paper). The morphological phenotypes conferred by hyperactive Msb2 are reminiscent of hyperfilamentation rather than an activated mating pathway or HOG pathway. For example, cells containing the hyperactive Msb2 are not hypersensitive to pheromone and do not show nuclear Hog1 localization in low salt conditions (an indicator of HOG pathway activation; P.J. Cullen and G.F. Sprague, unpubl.) . Msb2 may have other cellular functions: Msb2 is expressed and localized to polar sites during vegetative growth and is required for osmotolerance in some strains (O'Rourke and Herskowitz 2002) . However, we have not detected a role for Msb2 in osmotolerance or during vegetative growth.
Mucins as signaling pathway regulators and polarity control proteins
Msb2 is a member of the mucin family of proteins, which are glycosylated cell-surface adhesion proteins. In mammalian cells, mucins act as barriers to pathogen infection (Carson et al. 1998) and are key factors in metastasis in a variety of human cancers Corfield et al. 2001 ). In addition, two membrane-spanning mucins in humans, MUC1 and MUC4, function as signaling molecules (Wreschner et al. 1994; Carraway et al. 2003) . Like Msb2, MUC1 and MUC4 are cell-surface integral-membrane proteins whose cytoplasmic tails interact with signaling molecules at the head of a cascade.
MUC1 is a docking protein for ␤-catenin, and tyrosine phosphorylation of the cytoplasmic domain of MUC1 activates an MAPK pathway, the Grb2-Sos-Ras-MEK-ERK2 pathway (Meerzaman et al. 2001) . MUC4 binds to the tyrosine kinase ErbB2/HER2/Neu, to trigger phosphorylation of ErbB2 and potentiate signaling through the ErbB2/ErbB3 heterodimeric receptor complex .
Several findings from this study may be extrapolated to signaling mucins in general. First, as for Msb2, the mucin domains of MUC1 and MUC4 (and others) may have inhibitory roles. Hence, mutation of mucin domains may cause pathway activation and contribute to cancer progression in mammalian cells. The sequence similarity of mucin tandem repeats makes them highly susceptible to recombination-mediated deletion, as can occur for Msb2. Moreover, if, as for Msb2, the hyperactivity is dominant, then inappropriate pathway activation in mucin-deleted receptors may be prevalent among human cancers. The duality of mucin function in signaling pathway function should be a consideration in studies of adhesion-dependent developmental responses in normal mammalian cells (Verfaillie 1998 ) and for appropriate drug design in human tumors (Agrawal et al. 1998b) . Indeed, MUC1 has been reported to have positive and negative roles in signaling (Agrawal et al. 1998a; Chang et al. 2000) . A second consequence of this study comes from the finding that Msb2 interacts with Cdc42 to redirect cell polarity. This finding suggests a role for signaling mucins in regulating polarized growth. Intriguingly, both MUC1 and MUC4 are localized to the apical surfaces of epithelial cells (Carraway et al. 2003) . Elucidation of the roles of signaling mucins in signaling pathway activation and polarized growth will help define the mechanisms by which these molecules induce metastasis in human cancers.
Materials and methods
Strains, plasmids, and microbiological techniques
Yeast strains are listed in Supplementary Table S1 and plasmids used in this study in Supplementary Table S2 . Complete microarray data sets are listed in Supplementary Table S5 . Plasmid constructions, additional methodology, and standard genetic and biochemical techniques including references can be found in the Supplemental Material.
Genomic screens
The ordered deletion collection containing 4806 haploid MAT␣ strains (Research Genetics) was pinned to YPD medium in a 384-grid format using a Biomek 2000 robot (Beckman). To restore agar invasion to this background (Liu et al. 1996) , the pFLO8 plasmid was introduced into the collection by standard mating techniques using strains and techniques provided by C. Boone (University of Toronto, Canada; Tong et al. 2001) . Strains containing pFLO8 were pinned onto YPD medium and incubated for 4 d. Plates were washed and scored visually for agar invasion. Figure 8 . Model for the protein complex at the head of the FG pathway. Msb2 (in red) is composed of a large extracellular domain, which contains the mucin repeats (bright red oval) and is glycosylated (as shown), and integral-membrane and cytoplasmic domains. General factors Sho1, Cdc42 (isoprenylated and attached to the plasma membrane; PM), and Ste20 all shown in blue are recruited to the FG pathway by Msb2. The interaction between Cdc42 and the cytoplasmic domain of Msb2 is indicated, as is the interaction between Msb2 and Sho1, which is stimulated by FG-pathway activation. An interaction between the cytoplasmic domains of the Msb2 and Sho1 proteins was not detected; thus, they may interact in their membrane-spanning or extracellular domains.
Proteins at the head of the FG pathway
DNA microarray analysis
Cells pmi40-101 and pmi40-101 ste12 were induced in YPD ± 50 mM Man for 4 h. RNA was prepared by hot acid phenol and passage over an RNeasy column (QIAGEN). DNA microarray analysis was performed as described Lashkari et al. 1997) . Microarray construction, target labeling, and hybridization protocols were as described (Fazzio et al. 2001) . Sample comparisons were independently replicated six times, each of which was derived from a separate induction. Fluoro-reverse experiments were used to identify sequence-specific dye biases. Arrays were scanned using a GenePix 4000 scanner (Axon Instruments). Image analysis was performed using GenePix Pro 3.0. A Bayesian t-statistic derived for microarray analysis (Baldi and Long 2001) and a false discovery rate methodology (FDR) were used to account for multiple testing (Benjamini and Hochberg 1995) .
CoIP analysis
CoIP of epitope-tagged proteins was performed based on published procedures (Kemp and Sprague 2003) . Epitope-tagged proteins were IPed from isogenic strains grown to mid-log phase, and cells were harvested and stored at −20°C. Cell pellets were thawed, resuspended in IP buffer containing 1% N P-40, lysed, and incubated with primary antibody and protein A-Sepharose beads. Induction of the FG pathway was performed by shifting cells in mid-log phase from YPD to YPGal for 4 h.
Protein purification and analysis
Interactions between HIS-Msb2
CT and GST-Cdc42 and controls were tested using proteins that were expressed and purified from Escherichia coli. Purified HIS-Msb2
CT and HIS-Urm1 were concentrated by ammonium sulfate precipitation. Purified proteins were incubated together in binding buffer (50 mM Tris at pH 8, 1 mM DTT, 1 mg/mL BSA, and a protease inhibitor cocktail) for 15 min at 25°C. Beads that recognize the HIS epitope were preincubated in binding buffer and added to the reaction for 15 min. Beads were precipitated by centrifugation at 1000 rpm and washed once in binding buffer. Input and precipitated proteins were analyzed using antibodies specific for GST (Novagen) and HIS (Immunology Consultants Laboratory) epitopes. Glycosylation was examined in cells containing Msb2-HA using 25 µg/mL tunicamycin in DMSO for 2 h, or treating cell extracts with EndoH f (New England Biolabs). Subcellular fractionation experiments were performed as described (Horazdovsky and Emr 1993) .
Microscopy
Differential-interference-contrast (DIC) and fluorescence microscopy using UV and FITC (fluorescein) filter sets was performed using an Axioplan 2 microscope (Zeiss), a black and white Orca II digital camera (Hamamatsu), and the Openlab software program (Improvision). Only brightness and contrast digital adjustments were performed on photographs.
